We present what are to our knowledge the first theoretical and experimental results for dispersion in the anisotropy (a) of R(3) associated with optical third-harmonic generation in Si. The theory is based on a full empirical tightbinding band-structure calculation, and the results agree well with our measurements for 0.72 ,m < X < 1.9 um.
The calculated low-frequency limit of a agrees with measurements from the literature better than earlier calculations do. In addition, the dispersion in the relative experiment.
Although the field of nonlinear optics is more than a quarter of a century old, our understanding of the nonlinear optical properties of crystalline solids is still far behind that of the corresponding linear optical properties. While the current interest in the linear optical properties of solids focuses on understanding complex many-body effects, 1 few full band-structure calculations 2 -5 have been carried out for the nonlinear optical properties of any solid. The primary reasons for this are the complicated form of the nonlinear response functions and the greater sensitivity of the susceptibility tensors to the details of the energy band structure and wave functions of the electrons. Most calculations of nonlinear susceptibilities in crystals have been based on simple molecular orbital 6 -8 approaches and consequently were used only to calculate quantities at zero frequency. Indeed, to date there has been no calculation of the dispersion in x(3) for any solid. In addition, calculations of the zero-frequency limit of the anisotropy [a (0)] in x(3) (Refs. 8 and 9) have met with limited success. We recently showed that a simple empirical tight-binding band structure, extended to yield reasonable conduction bands, can provide excellent results for the linear susceptibility of most diamond and zinc-blende semiconductors 1 0 and the second-order nonlinear susceptibility [x(2)] of zincblende semiconductors. 2 In this Letter we show that the same band structures are capable of providing quantitatively good results for the dispersion and lowfrequency limit of the anisotropy in x(3) for Si, the element often regarded as the "hydrogen atom," or proving ground, of solid-state theories.
Since Si is centrosymmetric, x(2) vanishes in the bulk of the material; optical second-harmonic generation therefore consists of both bulk (electric quadrupole-magnetic dipole) and surface (electric dipole) contributions, 11 x(3) in cubic crystals contains two independent elements, and so the anisotropy of x) is not determined solely by symmetry but rather is sensitive to the microscopic nonlinear polarizability of the solid. In addition, the relative anisotropy can be obtained experimentally without the necessity of making a difficult absolute measurement. These characteristics have contributed to the recent interest in using optical third-harmonic generation (THG) as a microscopic probe of crystal structure and symmetry in ion-implanted and amorphous Si. 1 2 ' 13 To date, however, the only measurements of the anisotropy in x( 3 ) for Si have been either at X -10.6 gtm (Refs. 14-16) (using difference frequency mixing) or at X = 1.06 Aum (Refs. 12 and 17) (using THG). Therefore, in order to compare the theoretical results with experiment, we measure the dispersion of a-in Si for wavelengths 0.72 ,um < X < 1.91
Am.
In cubic materials the nonlinear polarization at the third-harmonic frequency as a function of the incident field is given in the usual crystal reference frame by 1 (1) where the fields on the right-hand side are the fundamental fields inside the medium. In terms of the parameters A and B, we can define the complex anisotropy parameter a -(B -A)/A = I (J ei°; this vanishes for isotropic media (where the polarization is then parallel to the linear field), and we have a = 2 for a set of four tetrahedrally oriented one-dimensionally polarizable bonds. 8 It is well known that simple molecular orbital calculations based on a minimal sp 3 basis set 6 ' 7 or even larger sets 8 are incapable of predicting the experimentally observed low-frequency anisotropy in Si [a-(0) = 0.44], and it has been suggested 9 that local-field corrections are necessary to account for the difference.
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The details of our band-structure calculation of X (3) are contained in Ref. 5 , and we only summarize the results here. The contributions to R(3)W() in a solid consist of a number of many-particle excited states of 
where R( 3 )W(W) is the imaginary part of X) (owing to the three-state contribution), ii' and jj' label the occupied valence band states and unoccupied conduction band states, respectively, and the Pij are momentum matrix elements. The symmetry with respect to (ij) (-'] ') is accounted for by keeping only the real part of the matrix-element product; the imaginary part vanishes from time-reversal symmetry. As in the case of x(2) (Ref. 2) , only the imaginary part of X(3) need be evaluated explicitly from the band structure, which greatly simplifies the calculation. The real part of X(3) can be obtained from the imaginary part though the Kramers-Kronig relations. All the other contributions, including the virtual electron, virtual hole, twoparticle, and intraband terms, are negative and total approximately 30-50% of the three-state contribution, depending on the material.
For a fundamental beam directed at normal incidence onto a single cubic crystal face with (100) orientation, the ratio of the THG signal for X = 0° to that for 0 = 45° (where 0 is the angle between the incidentbeam polarization and the crystal's y or z axis) is given by Table 1 . 
